Aims Carbon (C), nitrogen (N) and phosphorus (P) stoichiometry strongly affect functions and nutrient cycling within ecosystems. However, the related researches in shrubs were very limited. In this study, we aimed to investigate leaf stoichiometry and its driving factors in shrubs, and whether stoichiometry significantly differs among closely related species.
INTRODUCTION
Plants require ca. 30 elements to complete their life cycle (Ågren 2008; Mengel and Kirkby 2001) . Leaf element properties strongly affect plant physiological processes, nutrient cycling, and the responses of ecosystems to global climate change (Ågren 2008; Amatangelo and Vitousek 2008; Mueller et al. 2010) . The most important and essential elements to plants are carbon (C), nitrogen (N) and phosphorus (P), which provide structural basis and drive metabolic processes in plants. C, which makes up roughly 50% of plant dry mass, is a major structural component of living materials (Hessen et al. 2004) . N is a fundamental component of all plant enzymes, and P is a vital component of genetic material, energy storage, and cell structure. These three elements are strongly coupled in their biochemical processes. P-rich ribosomes manufacture N-rich proteins, which constitute the C and energy-harvesting organs (Ågren 2008; Hessen et al. 2004) .
In recent decades, ecological stoichiometry and the factors controlling stoichiometry have drawn great attention at regional and global scales (McGroddy et al. 2004; Thompson et al. 1997; Yang et al. 2015b) . Previous studies have reported diverse biogeographic patterns in plant stoichiometry, which may result from different factors, such as climate conditions, soil characteristics, species compositions, and plant growth forms (Chen et al. 2013; Han et al. 2005 Han et al. , 2011 . Several hypotheses have been proposed to explain the patterns in plant stoichiometry, including the temperature-plant physiological hypothesis (Reich and Oleksyn 2004; Woods et al. 2003) , the biogeochemical hypothesis (McGroddy et al. 2004; Reich and Oleksyn 2004) , the soil substrate age hypothesis (Reich and Oleksyn 2004) , the species composition hypothesis (Reich and Oleksyn 2004) , and the growth rate hypothesis (Elser et al. 2003; Sterner and Elser 2002) . These hypotheses try to give reasonable explanations for these diverse patterns from various perspectives. Understanding the responses of plant stoichiometry to climate and soil conditions would help us elucidate the characteristics of nutrient fluxes across ecological gradients and predict the influences of global climate change.
Although there are long history about the research on plant stoichiometry, the factors driving variation in plant stoichiometry are not well understood (Ågren 2008) . First, most ecological plant stoichiometry studies have focused on trees (McGroddy et al. 2004; Townsend et al. 2007 ) and herbs (Hao et al. 2015; He et al. 2006 He et al. , 2010 , but the related researches in shrubs were very limited. As one of the main ecosystem types, shrub lands cover more than 0.69 million km 2 in China (Ministry of Environmental Protection of the People's Republic of China and Chinese Academy of Sciences 2015). It has been reported that leaf stoichiometry can vary remarkably among growth forms (Han et al. 2005; Wright et al. 2004) . Therefore, it is necessary to elucidate the stoichiometric traits of shrubs in order to improve our understanding about ecological processes and nutrient cycling. Second, the leaf stoichiometry among species showed different patterns with environment changing (Han et al. 2005; Reich and Oleksyn 2004) . A large proportion of the inter-species variation in leaf stoichiometry can be attributed to phylogenetic effects (Thompson et al. 1997; Zhang et al. 2012) . According to Watanabe et al.'s (2007) reports, the majority of genetic variation in elements occurred between species within the same family. However, most previous studies investigating the phylogenetic effects on plant stoichiometry have been conducted on broad phylogenetic scales (family level or above) (Broadley et al. 2003 (Broadley et al. , 2004 Yang et al. 2015a) . Researches that have investigated closely related species include Yang et al. (2015b) and Hao et al. (2015) which focused on herbs, and Kang et al. (2011) about forests. According to our knowledge, this is the first time to compare foliar stoichiometry of phylogenetically proximal shrub species. Third, although global syntheses incorporate extraordinarily rich datasets encompassing multiple geographic locations, species, and growth forms (Han et al. 2005; Ordoñez et al. 2009; Reich and Oleksyn 2004) , it is difficult to ensure consistent data collection approaches are implemented in extremely large-scale studies (He et al. 2006; Yang et al. 2015b) . Standardization of large-scale sampling protocols is essential to minimize the effects of sampling error on variation, particularly when relatively weak relationships, such as between foliar N and climate variables (He et al. 2006) , are being examined. In order to address the aforementioned knowledge gaps, we explored the biogeographic patterns of leaf C:N:P stoichiometry in Ericaceous plant along environmental gradient across China. Ericaceae is one of the most widely distributed families in China, with a distribution from the tropical to cool temperate zone and encompassing plains, plateaus, and mountains (Feng 1988) . Especially in the alpine and subalpine zones of west and southwest of China, the dominant plant communities above the tree-line are almost all Ericaceae shrublands (Yang et al. 1999) . Across this immense geographical distribution range of Ericaceae shrubs, there is a broad gradient of mean annual temperature (MAT), mean annual precipitation (MAP), and soil properties, providing an ideal study system to examine the stoichiometry patterns of closely related species at a national scale. In addition, a special kind of endophytic mycorrihiza is widely distributed in Ericaceous plants, which be called Ericoid Mycorrhiza (ERM; Leake and Read 1991) . The ERM help Ericaceous plants absorb nutrients and survive in environment with poor nutrients (Cairney et al. 2003) , which make the Ericaceous species special in the ways of nutrient acquisition.
In this study, we intend to address the following questions: what is special for the foliar C:N:P stoichiometry of Ericaceous species compared with other woody species? How do the climate and soil factors affect the leaf C:N:P stoichiometry of Ericaceous species? Are there any differences in the responses of leaf C, N, P and their ratios to the potential drivers? In order to further understand the mechanisms driving variation in leaf stoichiometry, we then distinguished shared and pure effects of the different components shaping the patterns in leaf stoichiometry.
MATERIALS AND METHODS

Sample collection and element measurements
This study was conducted at 161 shrubland sites in China, spanning a range of 13.74 degrees in latitude from 23.66°N to 37.40°N and 29.86 degrees in longitude from 91.25°E to 121.11°E, and varying in altitude from 27 to 4906 m (Fig. 1) . Sampling occurred from July to September. At each sampling site, we measured latitude, longitude and altitude, and selected three 5 × 5 m 2 plots, which were separated by 5-50 m, to represent the natural shrubland. For each Ericaceae species encountered in a plot, three to five samples of fully expanded sun-exposed leaves were collected and pooled as one individual. In total, we collected 210 individuals of 32 shrub species in Ericaceae (including 29 evergreen species and 3 deciduous species). Leaf samples were transported to the laboratory and oven-dried at 65°C for 72 h and then ground.
Within each plot, we excavated three 1-m-deep pits along the diagonal of plot to collect soil samples. For each profile, soil samples were collected at the depths of 0-10, 10-20, 20-30, 30-50, 50-70 and 70-100 cm, or deep to the base rock. The three soil samples from the same depth were mixed well and air-dried; then roots and gravels were removed and samples were ground to pass through a 100-mesh sieve before elemental analysis.
Plant and soil C, N and P concentrations were measured at the Measurement Center of the Institute of Botany, Chinese Academy of Sciences. Total carbon and nitrogen concentrations of soil (STC and STN) and plant leaf samples were analyzed using an elemental analyzer (2400 II CHNS; Perkin-Elmer, Boston, MA, USA). Samples were combusted at 950°C, after which temperature was reduced to 640°C. Total phosphorus concentration of soil (STP) and plant leaf samples were measured using the molydate/ ascorbic acid method after H 2 SO 4 -H 2 O 2 digestion (Jones 2001) . Soil bulk density (BD) was determined at depths of 0-10, 10-20, 20-30, 30-50, 50-70 and 70-100 cm using the cutting ring core method. Soil samples in the rings were dried in the laboratory at 105°C to constant weight and then removed gravels in it for calculation of BD. As analyses showed STC, STN, STP and BD were highly correlated among different depths, we only used measurements performed on 0-30 cm depth samples for the following analyses. The BD and STC of soil at depths of 0-30 cm were calculated by the following formula ('V' represented the volume of soil): 
Data analysis
Leaf element concentrations were averaged at the species level for each sampling site. This dataset was statistically summarized to show the mean, sample size and other statistical characteristics. Element concentrations and stoichiometric ratios were log 10 -transformed before analyses to improve the data normality. We calculated the means of leaf nutrient concentrations and ratios of all species within each sites and then examined the relationships of leaf stoichiometry traits with latitude, altitude, and environmental variables using linear regressions. Environmental variables examined included climate data (MAT and MAP) and soil data (soil C, N and P concentrations and BD). In order to quantify the relative effects of climate, soil and species on leaf element concentrations and ratios, general linear models (GLM) were applied. We separated the variation explained by the different factors into independent effects of individual factors and interactive effects of combined factors (Borcard et al. 1992; Heikkinen et al. 2005) . All statistical analyses were conducted using R version 3.1.1 (R Development Core Team 2014).
RESULTS
Patterns of leaf C, N, P and their ratios in Ericaceae
Mean concentrations (± SE) of C, N and P were 484.66 ± 1.66, 14.44 ± 0.29 and 1.06 ± 0.03 mg g −1 , respectively, and mean stoichiometric ratios (± SE) for C:N, C:P and N:P were 36.40 ± 0.74, 527.67 ± 14.37 and 14.78 ± 0.36, respectively (Table 1 ). The relative variability of these six leaf chemical traits was characterized using coefficients of variation (CV). Among the six leaf chemical traits, leaf P, C:P and N:P were most variable, with CVs of 0.38, 0.39 and 0.35, respectively. The next most variable leaf traits were N (CV = 0.29) and C:N (CV = 0.29). The coefficient of variation for leaf C concentration (CV = 0.05) was distinctly smaller than other leaf traits (Table 1) , which suggests that carbon concentration is relatively stable among locations and species.
Variations of leaf C, N and P stoichiometry in Ericaceae with environment variables
Generally, leaf C, N and P concentrations and their ratios were significantly related to latitude and altitude, except N:P was not significantly correlated with latitude ( Fig. 2 ). Leaf C, N and P concentrations increased but C:N and C:P ratios decreased with increasing latitude (P < 0.01, r 2 = 0.06, 0.36, 0.14, 0.34 and 0.13, respectively). As altitude increased, leaf C, N and P concentrations increased (P < 0.01, r 2 = 0.56, 0.17 and 0.47, respectively), whereas C:N, C:P and N:P ratios decreased (P < 0.01, r 2 = 0.08, 0.38 and 0.26, respectively). Leaf chemical traits were also significantly related to climate (MAT and MAP) (Fig. 3 ) and soil conditions (soil C, N and P concentrations and BD) (Fig. 4) . In general, leaf C, N and P concentrations responded to environmental variables in the same direction: negatively with MAT, MAP and BD, and positively with soil C, N and P concentrations. The responses of leaf stoichiometry (C:N, C:P and N:P ratios) to environmental conditions were exactly opposite to those of leaf C, N and P concentrations. Leaf C:N, C:P and N:P ratios correlated positively with MAT, MAP and BD, while negatively with soil C, N and P concentrations. Additionally, leaf P correlated more strongly than leaf C or N with soil C, N and P concentrations.
Effects of climate, soil and species on leaf C, N, P and their ratios in Ericaceae
The GLM analysis showed that climate, soil and species together explained an average of 63.1% of the variation in leaf C, N, P and their ratios ( Table 2 ). The major contributors to the variation differed among leaf traits. In general, the interactive effects of climate, soil and species explained the highest proportion of the total variation in leaf chemical traits, 23.3% (from 9.0% to 35.67%). The interactive effects of climate and species explained the largest proportion (25.8%) of the variation in leaf C. Examining the independent factors effects, we found that species, which explained 15.7% (from 12.8% to 19.0%) of the variation, was the most influential independent factor; soil explained 7.0% (from 1.8% to 12.8%) of the variation; and climate explained the smallest fraction of the total variance, 1.1% (from 1.0% to 1.2%). 
DISCUSSION
Patterns of leaf C, N, P and their ratios in Ericaceae
The analysis of this study indicated that the mean leaf C concentration of Ericaceous plants was similar to the values reported for global terrestrial plant species (46.4 ± 3.21%, Elser et al. 2000) and a global scale estimate of shrub leaf carbon content using the derived data from public publications (475.2 mg g -1 , from 355.1 to 594.2 mg g −1 , Zheng et al. 2007 ).
The mean leaf N and P concentrations in Ericaceous plants This is because leaf N and P levels tend to be higher in herbs than in woody plants, and in deciduous than in evergreen species (Elser et al. 2003; Han et al. 2005; Sterner and Elser 2002) . When compared with evergreen woody plants in eastern China (18.5 mg g −1 for N and 1.01 mg g −1 for P, Chen et al. 2013) , the Ericaceous plants still had a lower N concentration. The low nutrient contents in Ericaceae may be due to most of their habits are nutrient poor (Cairney and Meharg 2003) ; thus, the availability of soil nutrients was lower. Leaf N:P ratio of Ericaceous plants was larger than ratio reported for global vegetation (11.8; Reich and Oleksyn 2004) , but consistent with the ratio of Chinese vegetation (14.4; Han et al. 2005) . This implies that Chinese plants are more P-limited than global plants, as identified previously (Han et al. 2005; Zhang et al. 2012) . Compared with Ericaceae, the species in the same sites but belongs to other families had greater leaf N:P ratio (19.19, data were unpublished). In addition, the evergreen woody plants in eastern China also had a higher leaf N:P ratio than Ericaceae (Chen et al. 2013 ). This result maybe indicated that the ERM promoted the absorption of P by Ericaceae, which alleviated the P-limited. The phenomenon that Ericaceous plants are so widely distributed in the world and most of their habits are nutrient poor maybe is closely related to the ERM. In addition, we found that carbon is the most stable element, followed by nitrogen and phosphorus. This is consistent with the stability of limiting elements hypothesis reported by Han et al. (2011) , which suggested elements that are required in higher would be more stable and less sensitive to environmental gradients.
Biogeographic patterns
We expected to detect distinct biogeographic patterns in element concentrations and stoichiometry of Ericaceae species, given the geographic patterns in climate and soil conditions. Our results showed that leaf C, N, P concentrations and their ratios of Ericaceous plants were significantly related to altitude. Consistent with our results, several previous studies have obtained the similar patterns on foliar stoichiometry (e.g. Kang et al. 2011; Yang et al. 2015b) . It has been recognized that lower temperature and shorter growing season at high altitudes are correlated with higher leaf N and P contents in terrestrial plants (Körner 1989; Reich and Oleksyn 2004) . However, in contrast with Yang et al.' s (2015b) reports, our study showed that C concentration increased with increasing altitude in Ericaceous plants. This inconsistency may be due to the predominance of evergreen plants in our study sites. Evergreen plants tend to contain higher leaf lignin when altitude increasing, because lignin can enhance the mechanical support of leaves (leaf strength or elasticity) and resist coldinduced damage at high altitude (Lütz 2010; Zhang et al. 2012) .
In this study, we also observed a significant latitudinal gradient for most leaf element concentrations and stoichiometry parameters, except the N:P ratio (Fig. 2) . The significant latitudinal trends of leaf stoichiometry in Ericaceous plants are in agreement with findings reported by both global scale (Kerkhoff et al. 2005; Reich and Oleksyn 2004) and Chinese scale studies (Han et al. 2005) . The insignificant correlation between N:P ratio and latitude is not alone in our study. For example, Han et al. (2005) reported that foliar N:P ratio of terrestrial species in China was weakly correlated with latitude. There are two possible explanations for the trends observed in this study: First, the latitudinal span of sites (23.66 to 37.40°N) is small and mostly limited to subtropical regions. Second, the altitudinal gradient in China is so dominant that it overrides the possible underlying latitudinal effect (Yang et al. 2015b) . For instance, the Tibetan Plateau, which is located at relatively low latitude but has lower temperatures than some higher latitude locations, has changed the latitudinal gradient of climate.
Climate effects on leaf stoichiometry of Ericaceae
Macroclimate variables, such as MAT and MAP, are likely direct drivers of the variation in leaf stoichiometry along geographic gradients. Our results showed that MAT and MAP had significant effects on leaf element concentrations and stoichiometry in Ericaceae (Fig. 3) . Leaf N and P concentrations were negatively related with MAT. This result supports the Temperature-Plant Physiological Hypotheses (Woods et al. 2003) , which argued that plants at lower temperatures tend to contain greater leaf N and P in order to offset repressed biochemical reaction rates (Körner 1989; Woods et al. 2003) . However, the negative relationships between MAP and leaf N and P concentrations may be due to different reasons. A higher leaf N concentration has been described as an In the partial GLM, leaf stoichiometric traits variations were partitioned into different components: a, b and c denote the independent effects of climate, soil, and species, respectively; ab, ac and bc represent the interactive effects between climate and soil, climate and species, soil and species, minus abc; and abc represent the shared effects of climate, soil and species together.
adaptation to low rainfall (Wright et al. 2005b) . High leaf N concentration in plants from arid zones is linked to greater internal CO 2 drawdown during photosynthesis, allowing plants under low-rainfall to achieve higher photosynthetic rates at a given stomatal conductance (Wright et al. 2002) . This would lead to more efficient use of water in carbon fixation processes (Wright et al. 2001 (Wright et al. , 2002 . Moreover, plants can maintain water balance and resist environmental stress by accumulating nitrogen-containing compounds (e.g. amino acids, imino acids, and polyamines; Mansour 2000) . As soil P is mainly derived from rock weathering and easily influenced by shifts in climate (Chen et al. 2013; Lambers et al. 2008) , the negative relationship between leaf P concentration and MAP is partly due to the leaching of soil P under high precipitation (Chen et al. 2013; Ordoñez et al. 2009 ). In this study, soil P concentration was lower in higher-rainfall habitats (online supplementary Fig. S1 ) is strong evidence in support of this conclusion. In contrast with several previous studies (Fyllas et al. 2009; Yang et al. 2015b) , we found leaf C content of Ericaceous plants was negatively correlated with MAT and MAP (Fig. 3) . Global and regional studies have shown that evergreen plants tend to extend leaf lifespan in colder environments (Wright et al. 2005a; Zhang et al. 2010) . The extension of leaf lifespan, according to the cost-benefit theory, requires more carbon investment in leaves (Kikuzawa 1991; Mediavilla et al. 2008) , and therefore is correlated with higher leaf C content (van Ommen Kloeke et al. 2012; Zhang et al. 2012) . Plant species inhabiting arid and semiarid regions tend to possess high leaf mass per area (LMA; Maximov 1929; Wright et al. 2005b) . Leaf traits associated with high LMA (e.g. thick leaf blades; small and thick-walled cells) have been interpreted as adaptations to dry conditions (Wright et al. 2005b) . Increases in leaf C content are consistent with these arid habitat-adaptive leaf traits, pointing to an increased investment of carbon in constitutive compounds, for example the lignin and phenolics (Bertiller et al. 2006) .
The numerous researches have examined the changes in leaf stoichiometry across climatic gradients, and diverse patterns have been observed. For example, Yang et al. (2015b) detected only weak effects of climate on leaf N and P stoichiometry across northern China, which is in contrast with the more typically observed patterns that foliar N and P were negatively correlated with MAT (Han et al. 2005; Kerkhoff et al. 2006; Reich and Oleksyn 2004) . Across 702 wild plant species in China, however, it was shown that the leaf N and P increased with increasing MAT (Zhang et al. 2012) . These inconsistent patterns suggest that the influences of climate factors on foliar element stoichiometry can vary greatly among climatic regions and may be offset by plant growth forms, species compositions, or soil nutrients. Furthermore, although we did detect significant relationships between foliar elements and climate in this study, we found that the direct effects of climate on broad-scale patterns of variation in leaf traits was quite modest (Table 2) , which is consistent with some previous reports (He et al. 2010; Ordoñez et al. 2009; Townsend et al. 2007) . Therefore, we suggest that climate affects foliar traits mainly through indirect ways.
Soil effects on leaf stoichiometry of Ericaceae
Considering many previous studies obtained soil information from the soil database rather than the field measurement (e.g. Yang et al. 2015b) , we predicted that the soil properties measured in the field in our research would more strongly related to plant nutrients. Just as we predicted, the links between foliar stoichiometry and soil properties were very strong for Ericaceous species. Terrestrial plants take up most of their mineral elements from soil, therefore nutrient levels within soil should be major determinants of element concentrations in plants, and increased nutrient availability in soil will promote plant growth and affect the leaf elemental patterns (Chapin et al. 2011; Foulds 1993; Lynch and Clair 2004) . Further, different from plants of other families mainly absorb inorganic nutrients in soil, Ericaceous species are largely dependent on ERM to utilize organic nutrients in soil Read 1996, 1997; Cairney and Meharg 2003) . Therefore, the links between foliar and soil total C, N, P were more strong for Ericaceous species.
The effects of soil N on leaf P and soil P on leaf N seem determined by the tight coupling of leaf N and P in metabolic processes (Güsewell 2004; Niklas et al. 2005) . A large part of the soil C comes from the decomposition of litters from plants (Janzen 2004) , thus it closely related to foliar nutrients. In addition, higher N and P contents can promote synthesis of enzymes, which play critical roles in carbon assimilation and primary production (Ågren 2008; Hessen et al. 2004; LeBauer and Treseder 2008) . Other than the chemical properties, plant element concentrations are also largely affected by the physical characteristics of soil (Castle and Neff 2009) . Soil bulk density (BD) is an indicator of soil porosity versus soil compaction (Brady and Weil 2001) , which reflects the soil capacity for structural support, water and solute movement and aeration. Therefore, soil BD has direct effects on plant root growth and nutrient absorption. Our results showed that leaf C, N and P concentrations were negatively correlated with soil BD (Fig. 4) . Through further analysis we found a significantly negative relationship between soil BD and soil nutrient contents (online supplementary Fig. S2 ). Generally, soil with relatively low BD is rich in organic matter and has high soil porosity, which is conducive to root growth and nutrient and water uptake. Plants growing in these soils tend to have high leaf element concentrations.
Through GLM analysis, we found that soil properties had stronger influences on leaf P than on leaf N (Table 2 ). This result may be due to the sources of soil N and P are different: soil N primarily comes from the atmosphere through multiple N-fixation mechanisms, whereas soil P is largely acquired from rock weathering and its diffusivity in soil is lower than N (Aerts and Chapin 1999; Lambers et al. 2008) . Thus, soil P is easily influenced by environmental shifts, and consequently influences leaf P concentration. In addition, the GLM analysis showed that independent soil effects were greater than pure climate effects for the variation in leaf traits, suggested that soil has greater direct effects on leaf stoichiometry than climate does in Ericaceae. However, it should be noted that climate factors can indirectly affect leaf elements by altering soil biogeographical processes, which will influence soil nutrient availability in a great extent (Ordoñez et al. 2009; Reich 2005) .
Variation in leaf stoichiometry across Ericaceous species
Phylogenetic signals of plant foliar traits have been detected in both geographically broad surveys and field experiments (e.g. Castle and Neff 2009; Kerkhoff et al. 2006; McGroddy et al. 2004) . There are several possible reasons for differences of leaf traits among species (when environmental effects are controlled): (i) phylogenetic differences (He et al. 2010) ; (ii) effects of growth form, e.g. leaf N and P levels significantly differ between herbs and woody plants (Han et al. 2005; Reich and Oleksyn 2004) ; and (iii) architecture-related effects, e.g. differences in plant size and structure (Elser et al. 2010; Kerkhoff et al. 2006; Schmid and Bazzaz 1994) . Furthermore, the degree of the phylogenetic signal within a clade is related to the phylogenetic scale (Cavender-Bares et al. 2006; Hao et al. 2015) . However, most studies have been conducted across large phylogenetic distances, which cannot eliminate the effects of growth form and plant size. By comparing closely related species, of the same growth form and similar size, we were able to test if the phylogenetic signal existed at the tips of the phylogeny. Moreover, we minimized the bias due to sampling technique by using the uniform sampling protocol for the entire study. Finally, we collected plants at the same phenological stage in order to control for seasonal variation in foliar nutrient attributes (Milla et al. 2007) .
Our results confirmed the importance of species, even at a low taxonomic level, in determining the variation in leaf traits of shrub. Since our analysis excluded the architecture-and growth form-related effects on leaf characteristics, the species influences detected in this study were likely linked to different strategies among species to adapt to diverse environmental conditions. For example, species, such as Rhododendron nivale, Rhododendron telmateium, Rhododendron capitatum and Rhododendron thymifolium, which are adapted to alpine environments generally have high leaf C, N and P concentrations. Furthermore, element acquisition pathways can differ among species. Plants have evolved diverse physiological traits, such as mycorrhizae, cluster roots and snow roots, to enhance nutrient absorption (Lambers et al. 2008; Onipchenko et al. 2009 ). Symbiotic relationships with mycorrhizae are common in Ericaceous plants, where the symbionts are called ERM (Leake and Read 1991) . ERM can absorb complex organic nitrogen and phosphorus and transfer them to their host plants Read 1996, 1997; Burke and Cairney 1997) . Variation in symbiotic mycorrhizal fungi and habitat can significantly influence the ability of Ericaceous plants to absorb nutrients and the nutrient types they take up (Cairney et al. 2000; Chen et al. 1999; Leake and Miles 1996) . Currently, compared with the large number of Ericaceae species, few of them have been examined for symbiotic relationships with mycorrhizae. Further research on the obligate parasitism of ERM is necessary in order to clarify the influences of ERM on nutrient absorption in Ericaceous plants.
Independent and interactive effects on leaf stoichiometry
Climate, soil traits and species all influence plant element compositions in complex ways (Hao et al. 2015; Hou 1982) . GLM showed that climate, soil and species together accounted for a substantial fraction of the biogeographic variation in leaf elements. However, significant collinearity between these factors could potentially obscure their true influences. For a better understanding of these drivers, we partitioned the variance explained by multiple factors into independent effects of individual factors and their interactive effects. The results showed independent effects of species on leaf stoichiometry were stronger than those of climate and soil, suggesting that the geography of leaf elements was largely controlled by plant species, and supporting the species composition hypothesis (Reich and Oleksyn 2004) .
The interactive effects of climate and species accounted for 8.8% of the average variation in leaf stoichiometry, and those of climate, soil and species accounted for another 23.3%. However, the independent effect of climate accounted for only 1.1% of the variation (Table 2 ). These results indicate that, rather than directly changes leaf traits, climate affects plants mainly through changing biogeographical processes and plant species compositions (Ordoñez et al. 2009; Reich 2005; Wright et al. 2001 Wright et al. , 2005b . For example, climate factors can affect soil temperature and water status, which will influence N uptake and utilization by plants (Dong et al. 2001) . Meanwhile, MAT and MAP can influence species distributions (Ordoñez et al. 2009 ), which in turn affect leaf element concentrations since root nutrient uptake capacities differ among species (Broadley et al. 2001) . Therefore, global climate change will strongly influence foliar stoichiometry, and subsequently ecosystem nutrient cycles. The GLM analysis performed in this study also showed a considerable proportion of unexplained variation (an average of 36.9%) in leaf stoichiometry, which may be stem from various sources, such as disturbance levels, competition intensity, or unquantified micro-environmental conditions. This unexplained variance provides interesting starting points for future research. The synthesis of all these factors influencing leaf elements will help us further understand the broad-scale patterns in plant traits and predict the changes of nutrient cycling in ecosystem under global climate change.
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